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1 INTRODUCTION

Over the last decade, Wet Gas flow metering has been a significant growth area in the
Upstream Oil and Gas market. Wet Gas flow meters are now deployed world wide for
hydrocarbon allocation, well testing and reservoir optimisation.

Previous workshop papers by Solartron ISA have detailed the Dualstream range of Wet Gas
Meters (see [1] to [8], for example), now successfully deployed into more than 200 gas fields.

This paper provides an insight into the experience of developing a new Wet Gas flow meter —
the Dualstream Elite — from initial concepts to a market-ready product.

Figure 1: Dualstream Elite Topside Wet Gas Flow Meter
(Flow left to right)

2 DUALSTREAM FLOW METER HISTORY

Established forty years ago, Solartron ISA began by producing primary flow measurement
equipment (then under the name ISA Controls) mainly for operators in the North Sea. With
increasing experience and working with several North Sea Operators, they branched out to
provide dedicated Wet Gas metering based on a Venturi, marketed as Dualstream 1 flow
meters, utilizing standard wet gas correction principles detailed at previous North Sea
workshops (such as [9]).

During the late 1990s and early 2000s, a partnership with BG Technology and flow testing at
NEL (National Engineering Laboratories in Glasgow, UK) led to the development of the
Dualstream 2 technology, correlating measurements from two dissimilar differential pressure
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(DP) devices to accurately determine the gas and liquid mass flow rates. This testing was
also part of the NEL Wet Gas Joint Industry Project (JIP) conducted in 2000.

Further testing resulted in the “Advanced” range of meters making use of the Pressure Loss
Ratio effects, improving the accuracy of high gas volume fraction cases (where the GVF is
typically greater than 98%), and providing determination of gas, condensate and water
phases.

3 DUALSTREAM ELITE — DESIGN AND PERFORMANCE

For a number of years Solartron ISA has been further developing the range of Dualstream
meters, incorporating a water fraction measurement device. Initial research at two
universities proved the concept of utilizing microwaves to measure the water fraction within a
wet gas flow, and led to the development and testing of an initial prototype.

Throughout this time there has been an iterative process based around improved theoretical
understanding, computer simulation of relevant properties, and testing of prototypes.
Working closely with experts from a number of different specialities, the meter has developed
into a straightforward yet sophisticated system for the accurate multiphase measurement of
Wet Gas flow rates.

The Dualstream Elite (formerly known as the Dualstream 3 during product development) is a
combined DP and Microwave Water Fraction meter, making use of patent-pending
techniques to measure the water fraction, and thus provide improved corrections of the liquid
content passing through the sensors.

Figure 2: Dualstream Elite Internals (Simplified) showing Venturi and Microwave metering
techniques

The underlying differential pressure technology is similar to that deployed in the Dualstream 1
flow meter, utilizing a Venturi as the primary flow element. Downstream of this is a
microwave resonant cavity with integral sensors embedded inside the wall, thus avoiding the
use of “wetted” sensors; aspects of this system are currently patent pending. By
incorporating the Pressure, Temperature and Differential Pressure (DP) measurements with
the multiple sensors of the Water Fraction device, individual phase flow rates can be
resolved. The flow meter also allows for reduced reliance on PVT, depending upon the mode
of operation — as indicated by the dashed lines in Figure 3 below.
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Figure 3: Calculation Block Diagram, indicating reduced reliance on PVT

The meter has been developed to meet or exceed the following specification:

Operating Range: 90% — 100% GVF
Water to Liquid Ratio (WLR): 0% — 100%

Gas Mass Flow Rate: +2% relative (typical)
Water Volume Fraction: +0.1% absolute

Condensate Mass Flow Rate: +10% relative (Two-Phase mode) or
Condensate Volume Fraction: +0.25% absolute (Three-Phase mode).

(Uncertainties specified to 95% confidence).

4 OVERCOMING ISSUES WITH WET GAS TECHNOLOGY

Although commercial wet gas flow meters have existed for over 20 years, it is recognised that
there are limitations with all existing wet gas metering solutions, regarding both the general
measurement principles and the specific flow measurement techniques employed.

4.1 Hydrates

The build up of gas condensate hydrates (solid crystalline compounds, typically containing
hydrocarbon molecules trapped in a lattice of water molecules, with a snow-like appearance)
in colder parts of the pipe-work — for instance, in impulse lines — can impede the flow and
prevent accurate measurements. In extreme cases they can even block the main pipeline,
particularly under abnormal conditions such as shut-down.

MEG (Monoethylene Glycol), Methanol or other hydrate inhibitors will typically be injected
upstream for situations where hydrates are considered likely to form. However, it is still
necessary for metering manufacturers to design products that reduce the risk of hydrates
becoming an issue at any of the conditions that the meter is likely to see.

4.2 Scaling, Erosion and Sand

For all types of flow meters that have been in service for a number of years, inspection of the
line may reveal that solid particles have accreted from the well fluids onto the pipe walls. In
just the same way that scaling can cause a build up, erosion (particularly in flow containing a
larger proportion of sand or other rough solids) can cause a wearing away of critical aspects
of the flow meter, particularly in high velocity areas which can lead to alteration of the flow
meter geometry.
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Even though sand may be considered to be part of the cause of erosion, it can also create
deposits where it is able to fall out of slowly moving flow and remains relatively undisturbed;
for instance, in blind-T's. Significant deposition could therefore cause an alteration of the flow
pattern in that area, thus potentially affecting metering.

4.3 Non-Robust Technology

Flow meter technology should be able to withstand many years of operation under less than
optimal conditions. Anything that alters the flow pattern or impedes the flow may be
susceptible to sizeable forces, and therefore the mechanical strength of those components
should always be rigorously investigated.

Similarly, a component may mechanically resonate under certain flow conditions — for
instance, a thermowell or other intrusive element. It is therefore essential for the flow meter
manufacturer to evaluate those issues and ensure that situations that could cause operational
concern - ranging from inaccurate measurement to objects breaking off in the flow - are
mitigated as far as practically possible.

There is also the possibility that the flow meter may face a wide range of pressure and
temperature cases throughout its life. Material selection and the robustness of sensors and
electronics are essential aspects of developing reliable metering technology.

4.4 Radioactivity

Many manufacturers make use of the effects of radioactivity to determine flow rates or other
parameters associated with the fluids. Operationally, much has already been said of the
issues regarding the use of radioactive sources (i.e. drift, temperature effects etc.); however,
there are also other pragmatic issues in the use of radioactive sources requiring licensing or
import and export issues, depending on the end user’s country.

4.5 Accuracy and Sensitivity

As wet gas flow meters have developed, the accuracy of wet gas flow loops have also
increased, further helping the improvement of the flow meter’s accuracy and sensitivity. It is
therefore pertinent for flow meter manufacturers to ensure that their products are relevant to
the current market requirements for accurate flow measurements.

4.6 PVT

PVT (Pressure, Volume, Temperature) calculations provide models for the behaviours of
mixtures of hydrocarbon and other chemical compounds under changes in the physical
conditions that the fluids are subjected to. All wet gas and multiphase flow meters make
some use of these kind of techniques, requiring a hydrocarbon composition (or parameters
derived from this information). Whilst, in an ideal system, this should not pose an issue, as
the interval between sampling extends, the accuracy of the flow metering could be affected.
It is therefore desirable to reduce the reliance upon PVT modelling, particularly in cases such
as subsea metering where sampling is both more complicated and expensive, if available at
all.

4.7. Salinity

Certain techniques for measuring wet gas can be affected by the fluid’s salinity, and, although
this can be used as a useful measurement technique in determining water breakthrough, it
can also provide a potential failure point for flow metering.
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4.8 Flow Regime

As can be seen in the diagrams below, there are many different flow regimes, depending on
both the gas and liquid flow rates and the orientation of the meter. Some of these flow
patterns are simpler to measure than others, whilst also reliant upon the measurement
technique employed; this may provide limitations to the range of flow rates measurable, or
indicate that the flow needs to be conditioned in some way before being metered.
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Figure 4: Wet Gas Flow Regimes taken from
Fig 6.1 and 6.2, NFOGM [13]

4.9 Liquid Continuous Conditions

In mixtures of condensate and water the two liquids will establish themselves such that one is
the continuous phase and the other is the dispersed phase (discrete pockets of liquid
surrounded by the continuous phase). For example, if water is the continuous phase then the
liquid is said to be water continuous. Typically, water continuous conditions will prevail if the
liquid is predominantly water and condensate continuous conditions will prevail where the
liquid is predominantly condensate. Where approximately equal volumes of the two liquids
are present then it can be expected that there would be a transitional region within which
there are temporal and spatial fluctuations between water and condensate continuous.

Some flow meters operate effectively in only one of the regimes. The transitional region is
recognised to be difficult to meter, particularly as it can switch from one regime to the other
within subsections of the flow. The end user should be aware of the limitations of metering
techniques utilizing these schemes.

4,10 Reliance on High-Technology Solutions

Although wet gas flow meters increasingly use more complex technology for providing
accurate measurements, this may provide more potential points of failure than a simpler
technology. Flow meter manufacturers need to consider the issues of long term reliability and
stability of the solutions that they provide.

5 DUALSTREAM ELITE WET GAS FLOW METER

The Dualstream Elite is specifically designed for the metering of wet gas flow conditions from
gas condensate wells. It therefore is designed to overcome the issues highlighted in section
4, resulting in a more accurate, reliable and versatile flow meter.

5.1 Accurate and Sensitive

The primary purpose of a wet gas flow meter is to correctly measure the flow rates of the fluid
phases passing through the device. By incorporating technology that enables a direct
measurement of the water phase and therefore leads to a more accurate determination of the
overall flow rates, the meter has a reduced dependence on PVT models.
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This technology also increases the sensitivity, particularly to water in the liquid flowing
through the electromagnetic sensing element. An accurate measurement is a necessity, but
being sensitive to very small changes of water, particularly when looking for water
breakthrough, is an added advantage.

5.2 Robust

A flow meter may be subject to a harsh environment throughout its life — transported from
manufacturer to site, installation, followed by many years of operational service. It is an
expectation that any industrial flow meter should be more than able to deal with these issues,
without reliance upon overly fragile technology or components.

Therefore, the main metering technology used is a Venturi, widely regarded as an accurate
and robust flow meter in Wet Gas environments, generally performing well when flow
conditions include issues such as scale, erosion or sand. The beta ratio (the diameter of the
narrowest part of the Venturi divided by the pipe diameter) and the meter sizes have been
chosen such that the DP measurements and flow velocity will be of a suitable range.

Whilst, for a topsides meter, hydrates can be mitigated by appropriate insulation and heat
tracing of suitably sloped impulse tube, the subsea meter will be available with diaphragm
seal connections to the Pressure and DP transmitters. These significantly reduce the hydrate
risk as the wet gas fluid cannot pass beyond the close-coupled diaphragms.

The electromagnetic sensing section of the meter is placed immediately downstream of the
Venturi outlet cone as a smooth continuation of the pipeline bore. It is a relatively short
section and imposes no intrusion into the pipeline, thus minimising any impediment to the
fluid flow. This is made possible by having the non-wetted sensing elements embedded
within the device wall, which also has the benefit of protecting the sensors from erosion,
scaling and damage from the flowing fluids.

5.3 Meter Size and Weight

Although flow meters are typically not often moved once installed into their working
environment, it is useful for them to be relatively small and light. This reduces the issues with
installation, as a smaller meter is easier to fit into a given piping structure, and simplifies the
structural calculations that may be needed in certain locations to ensure that the meter does
not significantly alter the centre of gravity point or exceed the envelope or weight allowance
for the tree, etc.

With no requirement for an upstream spool or mixing device, and with the water fraction
meter section being relatively short, the meter is small, and, therefore, relatively light.

5.4 Range of Sizes

As with many applications, in flow measurement, a “one-size-fits-all” approach is rarely
successful. The meter is therefore initially available in a range of pipe diameters (nominally 4
to 8 inches), allowing the meter to be sized appropriately for the expected flow conditions.

5.5 No requirement for Mixing

Intrinsic to the requirement to be small and light is the removal of any need for upstream
conditioning of the flow, thus reducing the upstream length included in the metering section.
Based on the test information available, the meter works in either horizontal or vertical down
flow direction with no requirement for a blind-T, additional straight lengths upstream or any
other mixing device.

5.6 Low Permanent Pressure Loss

One advantage of a Venturi meter is the low permanent pressure loss across the metering
section. With no mixing device and the water fraction section operating at the pipe diameter,
the Venturi and thermowell are the only impediments to the flow.

5.7 Fully Functional in all Liquid Conditions
The Dualstream Elite meter has two distinct regions of operation, corresponding to water
continuous and condensate continuous conditions. The meter makes real-time calculations to
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determine the prevailing continuous phase and is capable of taking into account rapid
changes of continuous phase and adjusting the flow calculations several times per second if
required, and therefore will find the best solution, even in the transition region.

The meter has been tested at different Wet Gas facilities across a wide range of pressures,
flow rates, liquid content and salinities, in order to characterise its performance at all
conditions likely to be encountered in the field.

5.8 Utilizing Microwaves to measure Water Fraction

Fundamentally, it is the microwave technology (with no use of radioactive components) that
enables finer measurements of the water fraction. This method has not been without its
critics [11, for example]; however, patent-pending methods techniques are utilized for
overcoming the potential failure areas highlighted by Hans van Maanen. This is expanded
upon in section 7.

5.9 Computer-Controlled Electronics and Processing

In this example the electronic system serving the resonant cavity is controlled by an
embedded computer which also acquires pressure, differential pressure and temperature
measurement signals and uses them in its flow metering calculations.

Implementation of wet gas flow algorithms is generally performed by remotely sited flow
computers that read in the various process measurements and generate corrected flow
measurements. During testing it has been found that embedding the computing element of
the system locally with the meter increases the capabilities and flexibility of the system, for
example, providing diagnostics functionality.

6 DEVELOPMENT OF THE FLOW METER

The development process for the flow meter has been no small task, with many specialists
bringing specific theoretical knowledge or practical experience to the process. Solartron ISA
utilize modern development procedures, such as a Development Gating System and Design
Failure Mode and Effects Analysis (FMEA), which have ensured the progression of this
project through each design and prototype towards the commercially available flow meter.

6.1 Theory

The theory behind utilizing microwaves to measure water content within multiphase gas fluids
has been established for a number of years, with products that apply aspects of this theory
already on the market. The technology applies a particular aspect to generate the necessary
sensitivity to water. Resonance mode conditioning is applied as part of the process of
extracting the desired signal from the extraneous noise.

6.1.1 Sensors
The different types of sensors utilized for detecting electromagnetic waves can be
categorized in one of five ways [11] - Transmission, Reflection, Resonator, Radiometer and
Imaging sensors.

Electromagnetic Resonator sensors are able to measure the complex permittivity of
materials, as the wavelengths and energy losses of electromagnetic waves propagating
through a dielectric material are dependent upon this parameter.

Resonant frequencies and the quality factors of a resonant cavity will vary for different
materials within the cavity. Since the complex permittivity of water differs significantly from
that of gas, condensate or oil, it can be shown that electromagnetic resonator-based
measurements are well suited to the accurate determination of water in a hydrocarbon flow.

However, there are a couple of subjects concerning Resonant Frequency Electromagnetic
sensors that need to be addressed.

Firstly, there are, theoretically at least, an infinite number of resonance modes for any
electromagnetic resonant cavity that occur across the frequency spectrum from the
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fundamental mode onwards. Undesired modes can make it difficult to discern the useful
modes by merging with them or obscuring them completely, with the relationships between
modes further altering as the dielectric material within the cavity changes.

Secondly, the resonance mode most commonly used in the Oil and Gas industry is the
fundamental modes which occupy the lowest frequency resonance for the cavity [14]. This is
a suitable mode to use for the measurement of pure or fresh water. However, the water
fraction of a multiphase flow from a hydrocarbon well may comprise saline rather than fresh
water. It has been observed that lower frequency modes appear to be more heavily
attenuated in the presence of saline water, and therefore are not always ideally suited for use
in typical Oil and Gas metering.

6.1.2 Mode Conditioners

The solution that Solartron ISA has employed to solve the two issues mentioned in section
6.1.1 is to include mode conditioners in the design of the electromagnetic resonator water
fraction sensor. The inclusion of these mode conditioners suppresses most undesired
modes, whilst enhancing the ones particularly useful for measurement. This has the effect of
increasing the signal-to-noise ratio and creating a clear frequency window for the chosen
modes. Also, as the conditioners are within the walls of the resonant cavity they do not have
any contact with the process fluids, and so are not subject to erosion.

The summation of these effects results in a useful, measurable signal, even in the presence
of saline water, in which the mode’s response to Gas Volume Fraction (GVF) and Water
Fraction are clearly visible.

The principles detailed above can be seen in the simulations shown in figures 5 and 6,
demonstrating the effect of the mode conditioners (where the frequency is linearly scaled,
and the transmission is logarithmic) for a gas-only flow and for a gas/saline water annular
flow through the meter respectively. Figure 5 shows that for a sensor without the mode
conditioners there are four peaks with the last three relatively close together, whereas
incorporating the conditioning structures widely spreads the remaining three peaks,
enhancing the discrimination between the peaks and thus improving the measurement.

Transmission

:5,' | —~— No Mode Conditioners

i! | +- Mode Conditioners
1
|

Frequency
Figure 5: Comparison of Frequency Traces for a resonant cavity
structure with and without mode conditioners (Gas only)
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Figure 6: Comparison of Frequency Traces for a resonant cavity
structure with and without mode conditioners (Gas and Salt Water, annular flow)

Figure 6 illustrates that in the presence of salt water the peaks are almost universally
attenuated, as is typical for this sort of condition. However, by the inclusion of mode
conditioners all three peaks are significantly reinforced or enhanced, and thus can be clearly
distinguished.

6.1.3 Metering Device Simulations

Extensive electromagnetic simulations have been carried out to establish a significant
database regarding the response of electromagnetic fields to various dielectrics within
specified containment and mode conditioning structures.

In addition, a mechanical model was created using a 3D CAD package for the purpose of
stress analysis using Finite Element Analysis methods. From the results, the device has
been optimised for 10k psi rated applications.

6.1.4 Metering Methodology

A simplistic method for determining the wet gas properties of the fluids within the sensor can
be seen in the simulated data of figure 7 below. This details the frequency response of one
mode peak within a frequency window for GVF between 90% and 100%, for both fresh and
saline water.

90% GVF. Fresh Water | ) /" /\/\ /0 /N /N 0 1\
f " 100% GVE

90% GVF, Fresh Water 90% GVF, Salt Water
91% GVF. Fresh Water 91% GVF. Salt Water }
— — 92% GVF. Fresh Water —— 92% GVF, Salt Water |
— — 93% GVF, Fresh Water —— 93% GVF, Salt Water §
— — 94% GVF. Fresh Water —— 94%, GVF, Salt Water
— 95% GVF. Fresh Water -95% GVF, Salt Water
— — 86% GVF, Fresh Water —— 96% GVF, Salt Water
— — 97% GVF, Fresh Water —— 97% GVF, Salt Water
— — 98% GVF, Fresh Water —— 98% GVF, Salt Water
— — 99% GVF, Fresh Water —— 99% GVF, Salt Water
——100% GVF, No Water
Frequency

Figure 7: Frequency response to GVF sweep from 90% to 100%
for both fresh and saline water
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For each GVF, only one peak appears within the frequency window for either fresh or salt
water. With the increase in water, the peak position shifts towards a lower frequency, while,
with the addition of saline water, the peak amplitude decreases and the peak width increases.
Therefore, it is possible to see that a function of this parameter for one or multiple peaks
should create a system for the direct measurement of water content and salinity.

6.2 Simulation
Extensive electromagnetic simulations of the water fraction sensor have been performed.
These have included four main design processes:

6.2.1 Conceptual Design

The initial simulations were to create a basic model of the sensor and verify that it should
function adequately in various situations. These incorporated modelling different wet gas flow
regimes (annular, stratified, misty etc.) and different fluids, including both fresh and saline
water.

6.2.2 Optimisation of Design

Once the fundamental principles of the meter design were better understood, the design was
improved by optimising various dimensions of the sensor, thus maximising the performance
of the sensor across a wide range of conditions.

6.2.3 Tolerance Analysis

Whilst within simulations conditions can be idealised, in engineering every machining process
or measurement is achievable only to within a given tolerance. This stage simulated the
effect on the sensor with each dimension of the meter being subjected to a range of changes.

6.2.4 Systems Analysis

Finally, a complete metering system was simulated in detail to analyse the overall
performance of the meter. These complex simulations provided expected results for
comparison with those from physical tests of the meter, thus demonstrating the accuracy of
our understanding of the underlying processes.

6.3 Prototypes
Based on the results from the simulations, several prototypes have been built and tested.

The initial design was based on a liquid resonator cavity using oil with a well defined constant
of dielectric permittivity as the dielectric material. The oil containment structure required a
pressure compensation system to balance the pressures between the flow line and the cavity.
However, early trials demonstrated that this system was difficult to manufacture and prone to
failure; in addition, the electric permittivity of the cavity fluid was found to be highly sensitive
to temperature, making it unsuitable for use in the field.

Later prototypes utilize a solid material for the resonant cavity, using a ceramic with high
mechanical strength and greater independence of the permittivity from temperature effects.
This required a significant redesign of the meter as the higher permittivity of the ceramic
meant that the size of the resonant cavity could be reduced.

Further improvements have also been made in the overall design of the meter, where the
original “wafer” design (with the water fraction meter sandwiched between two flanges) has
been replaced with a fully welded spool. This has reduced the length and weight of the
meter, as well as the number of potential leak paths, and has simplified the alignment
between the Venturi and water fraction sections.

6.3.1 Prototype Trials
The prototypes have been physically tested to prove their suitability for use in field conditions.

Hydrostatic and gas leak pressure tests demonstrate that the product is physically able to

withstand the internal design pressures likely to be faced by a wet gas meter in service,
demonstrating the sealing of critical components, and prove that the design, simulations and

10
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manufacturing tolerances described above have been appropriately applied to create a
device fit for purpose.

Dry gas tests can also be used to provide a baseline calibration for the water fraction meter.

Temperature trials have also taken place in an environmental chamber at a Test Laboratory.
This has been able to test the meter over a range of temperatures to demonstrate that the
permittivity of the cavity varies as expected by the simulations. As can be seen in figure 8
below, there is a small temperature variance that is due to effects such as the meter material
expansion. By quantifying this change the effect can be calibrated out within the meter
algorithm.

Transmission

[ —30/03/2010 13:05:28 0 Degree
— 30/02/2010 16:00:27 20 Degree

—30/03/2010 22:01:19 60 Degree
— 31/03/2010 01:07:13 80 Degree
— 31/03/2010 03:07:30 100 Degree

Frequency

Figure 8: Frequency response to changing temperature conditions
(0°C to 100°C plotted)

6.3.2 Wet Gas Testing

Wet gas testing of the flow meter has taken place at CEESI and SwRI wet gas calibration
loops. This vital addition to the theoretical understanding enables the testing of the various
algorithms needed to quantify the water fraction measurement, and latterly to include other
parameters such as salinity. It also can allow for the verification of the meter performance,
proving that under blind test conditions the meter can perform significantly inside its
uncertainty specifications.

Figures 9 and 10 are a visual representation of this verification, detailing data taken at CEESI
to demonstrate the meter's accuracy for a range of gas velocities and 0% to 100% water
fraction. The graphs show both test points (shown by the hollow data markers) and the
“blind” verification data points (using filled in markers). The GVF has been limited to the
region for which we were able to take blind data in the course of this phase of testing
programme at CEESI.

It is clear from this data that the meter is performing well within its target accuracies of +2%
relative on gas mass flow rate, and +0.1% absolute on water volume fraction.

The use of multiple test facilities has proved necessary, as no individual calibration site can
provide the full range of flow rates and associated parameters to fully qualify the meter for the
conditions it is likely to see in service. This testing is indispensable as it significantly
increases the understanding of the flow meter performance, and allows for the determination
of boundary conditions with that prototype, enabling further development to be appropriately
directed.

11
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7 MINIMISING THE RELIANCE ON PVT MODELLING

As equation of state (EOS) type calculations are based on theoretical models and there are
sometimes problems obtaining reliable compositional data under field conditions, it is
important for wet gas meters to be as independent of EOS inputs as possible. It is intended
that the Dualstream Elite will have two modes of operation:
() atwo-phase mode which requires knowledge of condensate content from an EOS,
(i) athree-phase mode in which condensate content is derived independently of EOS
modelling.
For the purpose of this paper only the two-phase mode has been considered in the sections
below.

The meter has been specifically designed to be very robust with respect to the condensate to
gas mass ratio (CGMR) input required from the EOS. It is therefore important to note that,
although the two-phase mode of operation depends on a value of CGMR returned by the
EOS in order to derive condensate content, the gas and water measurements still exhibit
good insensitivity to any errors in the input CGMR.

12
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Van Maanen [10] drew attention to a number of potential pitfalls of microwave based meters
being used to measure water content of wet gas. He used theoretical models to demonstrate
the sensitivity that such meters may exhibit to uncertainty in parameters such as condensate
content, gas composition and density and water vapour partial pressures. The sensitivity
performance of the Dualstream Elite meter, with respect to CGMR and gas density inputs, is
summarised in sections 7.1 and 7.2. The presence of water in vapour form must also be
accounted for in higher temperature applications. This is discussed further in section 7.3.

The principal EOS inputs required by the flow calculations are the Gas Density, and the
Condensate to Gas Mass Ratio (CGMR), both at line conditions. Further inputs are required
for conversion to base conditions, but these are not meter specific and so are not considered
here.

The sensitivity analysis was performed using the following procedure.

a) Reverse calculate the input signals over a wide range of GVF and WLR. This was
done using a calibration previously obtained from a wet gas calibration facility.

b) Run the flow calculations, using the simulated input signals and known EOS
parameters.

¢) Run a further set of flow calculations, again using the simulated inputs, but forcing
errors on to the known EOS parameters, prior to input.

d) Compare the water volume fraction, gas volume flow rate and hydrocarbon mass flow
rates returned for the two cases.

The simulations were performed for a 4 inch Dualstream Elite meter at nominal gas density of
60kg/m3 and gas volume flow rate of 500am3/h.

7.1 Sensitivity (Two-Phase mode) to Condensate Content

Van Maanen used the Bruggeman model for spherical inclusions to predict that, for 2-phase
mixtures in gas, water would typically cause an increase in fluid dielectric constant of around
4.5 times greater than that caused by an equivalent volume of condensate. This has
implications for a meter that requires an EOS model to estimate the condensate content of a
well stream, as any condensate present, but unaccounted for by the EOS, could appear to
the meter as a smaller but possibly significant volume of water.

Van Maanen also went on to consider the effect that inter-phase slip would have on the
dielectric constant of the fluid. He suggested that the liquid could be considered to be split
into two contributions. Some of the liquid will be dispersed through the gas, affecting the
dielectric constant of the bulk fluid, whilst the remainder of the liquid will form a layer on the
wall of the pipe. The dispersed or entrained liquid will travel more slowly than the gas, so
causing it to be over represented in terms of its contribution to the permittivity. The liquid layer
may not be seen by the meter, due its being in contact with the pipe wall but may effectively
change the internal dimensions of the meter (although this assumes a conducting pipe wall).

He acknowledged that in flowing multiphase fluids, the ability to model the multiphase flow
“plays an essential part in the calculations”.

Solartron ISA has reproduced and are in agreement with van Maanen’s theoretical
calculations, and this can also be compared with have experimental data derived from
multiphase flow facilities. The findings have been that in 2-phase conditions, water added to
gas causes shift in measured peak frequency in the order of 20 times greater than that seen
for condensate in gas. An example is shown in Figure 11 below.
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Figure 11: Frequency shifts for water and condensate in gas.
Data taken from SwRI in 2009 at 135bar

The discrepancy between the theoretical prediction and the experimentally observed data
cannot be fully explained in quantative terms, but it is understandable that models such as
Bruggeman’s make assumptions as to the shape of the inclusions, the way in which they are
distributed and the interaction between inclusions. Also the theoretical models do not take
account of the inter-phase slip.

In 3-phase flowing fluids the response of the Dualstream Elite to water and condensate is
complex and is dependent upon many of the prevailing fluid parameters, including the water
liquid ratio. Because of this, it is most sensible to treat the sensitivity to EOS inputs such as
condensate content in terms of the effect on calculated output caused by a given change in
EOS input. To be consistent with the sensitivity analysis in [13] the selected change in CGMR
of 10% is used for this analysis. Figures 12, 13 and 14 show the effect of this change on the
water volume fraction, gas volume flow rate and total hydrocarbon mass flow rate.

Water fraction measurement shows very little sensitivity with respect to input CGMR.
Absolute errors on water volume fraction are well below 0.1% except in regions of high water
content, where relative error becomes more meaningful and is still very small.

Gas volume flow rate is also tolerant to changes in input CGMR, with relative errors
remaining under 3% across the full range of conditions.

As would be expected, hydrocarbon mass flow rate is more sensitive to input CGMR. This is

especially true for high condensate content, where condensate represents a bigger fraction of
total hydrocarbon.
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Figure 12: Absolute error on water volume fraction
caused by 10% error in CGMR
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Figure 13. Relative error on gas volume flow rate
caused by 10% error in CGMR
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Figure 14: Relative error on hydrocarbon mass flow rate
caused by 10% error in CGMR
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7.2 Sensitivity (Two-Phase Mode) to input gas density

Van Maanen'’s theoretical treatment of the effects of changing gas density predicted that, as
an approximation, at a pressure of 100bar, changing the gas pressure by 3bar would cause a
similar change in fluid dielectric constant to that caused by a change of 0.1% of liquid water
by volume.

Our experimental observations from CEESI and SwRI suggest that a change of around 13bar
would typically be necessary to cause the same change in peak frequency as is caused by
0.1 % water by volume in flowing conditions. Figure 11 showed a response of 5.8MHz per 1%
water by volume, or 0.58MHz for a 0.1% water. Figure 15 below shows a response to gas
pressure of 0.043MHz per bar.

\K
\
[Slope 0.043MHz per bar T\-.

Increasing Peak Frequency (MHz)
(Steps of 2MHz)

20 40 60 80 100 120 140 160
Gas Pressure (bara)

+SwRI12008 = CEESI2009 ‘

Figure 15: Dry gas peak frequency at different pressures.
Data taken from SwRI 2008 and CEESI 2009

To demonstrate the sensitivity to gas density and be consistent with [13], the change in the
meter outputs caused by a 5% change in input gas density has been calculated, over a range
of GVF and water liquid ratio. This data is shown for water volume fraction, gas volume flow
rate and hydrocarbon mass flow rate in figures 16, 17 and 18 respectively.

The water fraction measurement shows little sensitivity to changes in input gas density. Again
absolute errors are very small except for regions of high water content where the relative
error becomes more meaningful and is still very small.

As would be expected, the effect on gas volume flow rate is dominated by the effect that gas
density has on the Venturi differential pressure flow calculation. The gas density also impacts
to some extent on the meter wet gas calibration parameters. This tends to partially
compensate for, rather than add to, the effect on the Venturi calculation.
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Absolute Error on Water Volume Fraction for 5% Error in Gas Density
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Figure 16: Absolute error in water volume fraction
caused by 5% error on gas density
Relative Error on Gas Volume Flow Rate for 5% Error in Gas Density
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Figure 17: Relative error in gas volume flow rate
caused by 5% error on gas density

Relative Error on Hydrocarbon Mass Flow Rate for 5% Error in Gas Density
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Figure 18: Relative error in hydrocarbon mass flow rate
caused by 5% error on gas density
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7.3 Considerations of Water Vapour

Van Maanen [10] predicted that for a microwave type measurement, “the contribution of water
vapour to the primary measurement is significantly stronger than the same amount of liquid
water in mass terms” and also that the rapid change of water vapour fraction due to
temperature and pressure changes “could give rise to serious errors when the temperature
and pressure are not measured with a very high accuracy”.

Solartron ISA has performed our own modelling of the take up of water, as vapour and liquid,
into a hydrocarbon gas and the effect this has on fluid dielectric constant.

The results shown below are for methane, but similar trends were obtained when the gas
composition was varied. Four different temperatures are shown at a nominal gas density of
60kg/m3. Pressure was varied to maintain gas density.

The distribution of water into liquid and vapour phases was calculated using the London
Research Station EOS [15]. Figure 19 shows the apparent liquid water volume fraction,
WVF_apparent (assuming no water in vapour form) on the x-axis, and the actual liquid water
volume fraction WVF (once water vapour has been accounted for) on the y-axis. What is
seen is that at first when water is added it goes into vapour form. As more water is added the
gas becomes saturated and all further water goes into liquid form. The water content at which
saturation occurs is very much dependent on temperature.

At 40°C virtually no water is taken into vapour form and WVF is effectively equal to
WVF_apparent. At 70°C a small amount of water is in vapour form, but this is still likely to be
significantly less than the uncertainty specification of the meter. At 100°C the WVF is almost
0.1% less than WVF_apparent. That is to say, that if the water held in the vapour isn’t
accounted for, then the meter will effectively be subject to an error of almost 0.1% on its WVF
measurement due to this factor alone. Although, if the water vapour is modelled using an
EOS, the calculation wouldn't need to be precise to keep the resultant error to much smaller
than 0.1%. At 130°C it is clear that the data is moving into the region where it is necessary to
have a more precise EOS calculation and accurate measurement of temperature and
pressure, as stated by van Maanen.
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Figure 19: Liquid water fraction if all water in liquid form (x-axis) against
liquid water fraction after subtracting water vapour (y-axis)

The dielectric constant of the gas was calculated using the Clausius-Mossotti-Debye
equation, the liquid dielectric was calculated using the Kirkwood equation and the fluid
dielectric was calculated using the Bruggeman equation, assuming that the liquid is held in
the gas as a mist. Figure 20 shows predicted fluid dielectric constant as water is added to
methane. As predicted by van Maanen, the water vapour “contributes far more to the
permittivity than the same amount of water as liquid”. The slope of the curve is much steeper
in the region where the water is going into the vapour, than it is after the saturation point has
been reached. However, because the quantity of water taken into the vapour is small, in
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absolute terms, the change in dielectric constant caused by the water vapour is still relatively
small compared to the change caused by the liquid water. This is especially true at the lower
temperatures, although once again it is acknowledged that at higher temperatures it will be
increasingly important to accurately predict the water vapour content and take account of its
contribution to the fluid dielectric constant.

It should also be remembered that in flowing conditions it is expected that the liquid water
would make a bigger contribution to the fluid dielectric than is predicted by theory, as
discussed in section 7.1.

1.12

Fluid Dielectric Constant

0.0% 0.2% 0.4% 0.6% 0.8% 1.0%
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Figure 20: Fluid dielectric constant predicted from theory against liquid water fraction
assuming all water in liquid form.

8 AREAS FOR FURTHER INVESTIGATION

The Dualstream Elite meter, although now released to the marketplace, is still undergoing a
further process of continual development to further improve and expand the specification of
the device.

8.1 Subsea Meter

The Dualstream Elite subsea meter is currently under development, and expected to be
release in the fourth quarter of 2011. This development is a necessarily complex process, as
whilst the metering needs of a subsea meter are much the same as for the topsides meter,
there are also greater requirements in terms of robustness, heightened flexibility,
connections, and reliability specific to working down to 3000 meters water depth.

Subsea meters need to comply with the standards imposed upon them in order to allow for
accuracy and reliability in this demanding environment. There are also further considerations
to be made in terms of redundancy and retrievability.

8.2 “Bolt-on” to existing metering solutions

Dualstream meters have been supplied to many wet gas fields around the world. It is being
investigated whether a “bolt-on” additional product can be supplied to enhance existing
systems.

8.3 Salinity Measurement

The meter has already been tested at various salinities, and it has been proven that it can
operate across a wide range. However, it is believed that the data processed from the water
fraction meter also provides sufficient information to measure the salinity, based upon the
complex relationship between water content and salinity and the position and amplitude of the
resonant mode peaks as shown in figure 7 above.

19



10" South East Asia Hydrocarbon Flow Measurement Workshop
8" — 10" March 2011

The development of this algorithm is currently underway, with the aim of providing a robust
means of measuring this additional parameter. Initial meters should be upgradeable in future
to take account of this by means of a software update.

9 CONCLUSIONS

Solartron ISA has successfully developed the Dualstream Elite flow meter to be placed on
Wet Gas condensate wells for the Upstream Oil and Gas Market. Development of Wet Gas
flow meters has been shown to be a non-trivial undertaking; this paper has therefore used
this flow meter to highlight how Solartron ISA has sought to address these issues.

The Dualstream Elite successfully reduces the reliance on PVT modelling. Meter sensitivity
to error in input CGMR of 10% and gas density of 5% have been investigated for the Two-
Phase Mode of operation. It was found that the sensitivity of the water fraction measurement
to these errors was smaller than the specified uncertainty of the meter, across a wide band of
GVF and WLR.

The current Wet Gas validation data from CEESI also indicates that the flow meter operates
inside its uncertainty specification.

As predicted by van Maanen, the presence of water vapour in the gas stream is an important
consideration. However, at lower temperature the quantities of water vapour and its effect on
the primary measurement of the meter are minimal. At higher temperatures it is important
that the presence of water vapour is accounted for.
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